Groundwater-vegetation-atmosphere fluxes were monitored for a subtropical coastal conifer forest in South-East Queensland, Australia. Observations were used to quantify seasonal changes in transpiration rates with respect to temporal fluctuations of the local water table depth. The applicability of a Modified Jarvis-Stewart transpiration model (MJS), which requires soil-water content data, was assessed for this system. The influence of single depth values compared to use of vertically averaged soil-water content data on MJS-modelled transpiration was assessed over both a wet and a dry season, where the water table depth varied from the surface to a depth of 1.4 m below the surface.
Introduction
Tree transpiration is a significant component of the hydrological cycle in forest systems and as such its quantification and forecasting is important for the development of robust, defensible and sustainable water management strategies (Schlesinger and Jasechko, 2014) . The four environmental variables that are the primary drivers of transpiration are solar radiation, vapour pressure deficit, soil moisture and leaf area index (Jarvis, 1976; Harris et al., 2004; Asbjornsen et al., 2011; Whitley et al., 2013) . Transpiration can be modelled using either physical or empirical analyses of these variables. Potential evapotranspiration is often calculated by the physically-based Penman-Monteith (PM) equation (1965) . Building on the PM equation, Jarvis (1976) and later Stewart (1988) further describe the stomatal (or canopy) conductance using an empirical approach, which are usually named as a Jarvisor Jarvis-Stewart-type model (see Table 1 ). This approach allows an estimate of canopy water flux for a site under specific meteorological conditions using the PM equation, without requiring field data of canopy conductance. Recently, empirical approaches were developed to quantify transpiration directly, circumventing the need for canopy conductance data (Whitley et al., , 2009 (Whitley et al., , 2013 , and this approach is termed the ''modified Jarvis-Stewart model".
All of these empirical models assume that soil-water content is a key variable for accurate simulation of transpiration (see Table 1 ; Granier and Loustau (1994) , Harris et al. (2004) , Liu et al. (2009), etc.) . In practice, the calibration of the soil-water content function http://dx.doi.org/10.1016/j.jhydrol.2016.11.041 0022-1694/Ó 2016 Elsevier B.V. All rights reserved. Granier and Loustau (1994) for details) Inclusion of SWC function in Jarvis-type model. Importance of accurate determination of SWC and stand leaf area SWC measured using a Neutron probe at 10 days intervals Sommer et al. (2002) MLR, Jarvis-type (see Zeppel and Eamus (2008) for details) MJS performs better than PM for low SWC SWC measured at 50 cm depth below surface Liu et al. (2009) used in the models uses either soil-water content observations at different time intervals and depths, or empirical relationships between soil types and soil-water availability (Table 1) . In earlier studies, the time interval between manual measurements of the soil moisture varied from days (Stewart, 1988) , to a week (Harris et al., 2004) to 10 days (Granier and Loustau, 1994; Liu et al., 2009 ). More recently, higher-frequency measurements of 15 min intervals (García-Santos et al., 2009; Whitley et al., 2013) have allowed researchers to describe changes in the soil-water content directly after a rainfall event. While some researchers integrate the soil-water content over the entire vertical soil profile (Stewart, 1988; Harris et al., 2004 , or Liu et al., 2009 ), others consider the soil water content solely at a specific depth (Whitley et al., , 2009 ). There is, therefore, no clear convergence towards a standard approach for characterising soil-water content. Another aspect of these empirical models is that they do not account for diurnal variation (i.e. night-time transpiration). Nighttime water use by trees was initially assumed negligible (Daley and Phillips, 2006) , but recent advances in sap flow and stem diameter variation measurement techniques have demonstrated that night-time transpiration occurs in multiple ecosystem types (Dawson et al., 2007; Zeppel et al., 2010 Zeppel et al., , 2013 . Existing literature indicates that night-time water use is far from negligible, and can account for up to 30% of daily water use in some ecosystems (Daley and Phillips, 2006; Dawson et al., 2007; Novick et al., 2009) .
Like other shallow aquifer areas around the world, commercial conifer forests have replaced large areas of native forests for timber production in subtropical coastal Australia. This region in Australia is characterised by pronounced wet and dry seasons, sandy soils and shallow unconfined aquifers (i.e. shallow water table conditions when water table at depth < 2 m from the ground surface). Under these shallow groundwater conditions, the vertical extent of the root zone in conifer forests can be limited as a response to frequent waterlogging. Also, variations in the water table depth may result in seasonal changes in the access to soil water by forests. Soil-water availability is typically assumed to be unlimited in these environments and evapotranspiration is often assumed to be equivalent to the potential evapotranspiration rate estimated by the PM equation combined with a crop factor. The crop factor or crop coefficient is usually defined as the ratio of the observed evapotranspiration for the studied crop over the potential evapotranspiration at the same location (Allen et al., 1998) . However, even if that assumption is a useful and conservative estimate, given the dynamic hydrology of shallow sandy aquifers, this approach may lead to an overestimate of the actual evapotranspiration and thus transpiration. For permeable soils, the vertical distribution of soil-water content varies significantly within the root zone over daily timescales. Here, a single measurement of the soil-water content at a given depth can provide limited information, and may lower the accuracy of transpiration estimates compared to multiple depth and/or optimal depth soil-water content observations, especially in the context of seasonal rainfall events.
The current study thus aimed to quantify seasonal changes in transpiration rates with fluctuating water table depth for a subtropical coastal conifer forest in South-East Queensland, Australia. The applicability of the Modified Jarvis-Stewart transpiration model to this shallow aquifer system was assessed. The specific objectives of the study were:
(i) to acquire field observations of groundwater-soil-water-ve getation-atmosphere interactions over both a wet and a dry season for a representative plot within the conifer forest; (ii) to establish relationships between the transpiration rate and the abiotic drivers of transpiration, with a particular focus on seasonal variability of transpiration with fluctuations of soilwater content and water table depths; and (iii) to investigate the effect of choice of depth of soil-water content on transpiration estimates, compared to the use of vertically averaged values in a MJS model.
In addition, the effect of night-time transpiration on the overall transpiration rate was quantified and discussed. Fig. 1 shows the location of the study site within a pine plantation located on Bribie Island (26°59 0 2.534 00 S, 153°08 0 16.857 00 E) on the East coast of Australia. Bribie Island is a sand barrier island near Brisbane and has an average width of 5 km with a total area of 144 km 2 (Isaacs and Walker, 1983) . This Island has a low relief with an average elevation of 5 m above Australian Height Datum (AHD), or roughly Mean Sea Level. The region has a humid subtropical climate (Köppen climate classification Cfa) with a distinct warm wet summer (November to April) and a mild dry winter (May to September). The average annual rainfall is approximately 1605 ± 279 mm, with 77% of annual rainfall occurring in the wet season based on data from 1970 to 2010 (Bureau of Meteorology, station 040842). The mean maximum air temperature is 29.0°C in January with an average relative humidity of 64%, and the mean minimum air temperature is 20°C in July with a corresponding average air relative humidity of 59%. Over the 2010-2015 period daily pan evaporation varied from 2.8 mm day À1 (June) to 7.3 mm day À1 (October-January) (Brisbane Airport Bureau of Meteorology Station (station 040842)). The mean annual pan evaporation values recorded at the same station were 1650 mm year Our study was conducted over a 13 month period from January 2012 to January 2013 during which an extended wet season (January to July 2012) occurred (Fig. 2a ).
Material and methods

Site description
This wet period was then followed by dry conditions lasting from August 2012 to January 2013. During the study period, rain was observed on 135 days out of 386 days. Of these 135 days, a daily rainfall between 2 and 10 mm day À1 was observed on 89 days, and rainfall in excess of 10 mm day À1 occurred on 42 days. (Fig. 2a) . The pine plantation at the site was established in 2001 and comprises hybrid pines (Pinus elliottii Engelm var. elliottii Â Pinus caribaea Morelet var. hondurensis) with a stand density of 840 trees per hectare, a mean diameter at breast height (1.3 m) of 0.223 ± 0.032 m, and a mean tree height at the time of the study of 13 ± 0.5 m. The understory consists of a sparse covering of ferns. An unconfined aquifer lying over cemented low permeability layers is considered extensive throughout the island and consists of unconsolidated fine to medium sand (Hodgkinson et al., 2008; Fan et al., 2014) .
Plantation managers regularly clear the understory throughout the year. As a result, the understory predominantly consists of very shallow-rooted occasional ferns and no grass or weeds. Although pine needles create a thin surface layer, the topsoil had very low organic matter content. Theoretically, water stored in the pine needle litter layer could be used by the trees during transpiration, however, because it was so thin, we hypothesised that the water occurring within that surface layer could be neglected as a source of water for the tree transpiration. This hypothesis was supported by visual observations, notably the absence of superficial roots within the litter layer.
Transpiration observations
Sap flux density (SFD, cm 3 cm À2 d
À1
) was measured using commercially available sap flow sensors based on the heat ratio method (HRM) (ICT International Pty Ltd, Armidale, Australia). The HRM is an improvement of the compensation heat pulse method (Burgess et al., 2001 ) which allows low and reverse rates of sap flow in xylem tissue to be measured. A total of 6 trees were instrumented with HRM at breast height within a 50 m Â 50 m plot (comprising a total of 210 trees) with two HRM sensors per tree (i.e. North and South cardinal direction) (Fig. 1) . Each sensor had 2 measurement-point located at 12.5 mm and 27.5 mm into the sapwood. A previous study on the same species (Guyot et al., 2015) showed that this setup, combining 2 sensors with 2 measurement-point at different depth provided reasonable accuracy as compared to a benchmark of 24 measurement points per tree. Sap flow measurements were corrected for wounding effects following Burgess et al. (2001) based on the wound width determined from dummy probes installed simultaneously with SFD measurements. Wound width was determined from colour distinction and was measured from digital images (Olympus l 770 SW digital camera) taken after one month, six months and twelve months using ImageJ 1.47v software (National Institutes of Health, USA). The average wound width was 2.5 ± 0.3 mm and did not seem to increase over the study period after its initial stabilisation (i.e. one month). Therefore, it was assumed that the wound width was constant over the study period and between trees, although small variations between dummy probes were observed. Measurements of gravimetric sapwood moisture content were conducted during wet conditions (i.e. February 2012) and during the transition to dry conditions (i.e. November 2012). Each time a total of 10 samples were collected. Gravimetric sapwood moisture content was found not to vary significantly between dry and wet conditions with an average value of 0.98 ± 0.18 kg water kg dry-wood
. A constant value of 0.98 kg water kg dry-wood À1 was used with a dry wood density of 520 ± 8 kg m À3 for correction following Vandegehuchte and Steppe (2012) . Furthermore, each measurement probe was corrected for offset (i.e. probe misalignment) by examining the SFD at night when VPD and wind speed were approximately null. Zeppel et al. (2010) found no significant difference in offset corrections using this method compared to cutting the sapwood below and above the measurement probes.
First, SFD measurements were scaled up to single-tree transpiration fluxes, T TREE (mm h À1 ) using a relationship between the tree diameter at breast height DBH (m) and the sapwood area A sapwood (mm 2 ). This relationship was established based on a sample of 11 trees (with DBH ranging from 17.3 cm to 22 cm and sapwood areas ranging from 114 cm 2 to 163 cm 2 ) that were cut after the experiment and following Cermak and Nadezhdina (1998) . Digital images were analysed with ImageJ 1.47v (National Institutes of Health, USA) to determine the sapwood areas which was clearly identified by a distinct clear colour as compared to the darker heartwood (Guyot et al., 2013) and lead to Eq. (1) (with R 2 = 0.92):
Forest transpiration (T STAND , mm day
) was then calculated from the average of the single-tree transpiration (T TREE ) from the six trees, and multiplied by the stand density (210 trees per plot, equivalent to 840 trees per ha) following Cermak and Nadezhdina (1998) . We also evaluated the uncertainty associated with the spatial variability of T STAND by calculating the standard deviation of T STAND for the individual transpiration estimates for 6 trees (T TREE ) (plotted in Fig. 2d ).
Micrometeorology
Data on rainfall intensity and duration were collected by a tipping bucket rain gauge (RIMCO 7499, McVan Instruments, Mulgrave, VIC, Australia) at the local water management agency's (SEQwater) automatic weather station located 2.5 km from the study site. Measurements of air temperature (T a ,°C) and relative humidity (RH, %) (HMP155 sensor, Vaisala, Finland), wind speed (u 2 , m s
À1
) and direction (°magnetic) (03002 wind sentry set, RM Young, USA) and net radiation (R n , W m À2 ) (CNR4 net radiometer, Kipp & Zonen, Delft, The Netherlands) were conducted at 2 m above the plantation forest canopy on a 15 m mast located in the centre of the study site. These meteorological variables were measured at a frequency of 1-min and averaged over 15-min intervals then recorded with a data logger (CR3000, Campbell Scientific, USA). Vapour pressure deficit (VPD, Pa) was inferred from T a and RH following Goldstein et al. (1998) . Penman's (1948) potential evapotranspiration as given in Shuttleworth (1993) and Donohue et al. (2010) was computed using the daily-observed atmospheric variables, i.e. RH, R n , u 2 and T a following Eq. (2):
where PET is the potential evapotranspiration (mm day À1 ), PET R and PET A represent respectively the radiative and aerodynamic components of the Penman equation, R n is net radiation (in equivalent mm day À1 ), D is saturation slope vapour pressure curve at T a (kPa°C À1 ), c is the psychrometric constant (kPa°C
) and k is the latent heat of vaporisation of water (2.45 Á 10 6 J kg
). In order to assess the ''performance" of the tree stand estimates of transpiration for a given atmospheric condition, we defined ''transpiration efficiency" which equals to the ratio of observed stand transpiration to the potential evapotranspiration (Efficiency = T STAND /PET). Small values of this ratio will thus represent a combination of relatively low observed transpiration rates and very suitable conditions for transpiration (high PET). On the other hand, higher values of the ratio will correspond to high rates of observed transpiration and average or not suitable conditions for transpiration (low PET).
Leaf area index
Leaf area index (LAI) was measured three times over the course of the monitoring period in order to account for adjustments in canopy leaf area. The first measurement was conducted at the end of the summer (late February 2012) followed by measurements in winter (late June 2012) and at the end of spring (midNovember 2012). Measurements of LAI were completed using digital images combined with image processing using a commercial software package (MATLAB, 2012a, The Mathworks Inc., Natick, MA) developed by Fuentes et al. (2008) . Images were taken with an Olympus l 770 SW digital camera using automatic exposure and mounted at zenith angle on a 1.5 m levelled tripod. Five transects of 50 m with an image distance of 5 m yielded a total of 55 images. LAI was calculated following the method detailed in Fuentes et al. (2008) .
Soil-water content and water table depth
Soil-water content (SWC) and soil temperature were measured using four Time Domain Reflectometers (TDR) (CS650, Campbell Scientific, Utah) installed at depths of 0.2 m, 0.4 m, 0.6 m and 0.8 m below ground surface. The sensors were connected to a data logger (CR3000, Campbell Scientific, Utah) setup to record data 15 min intervals. Due to microtopographic variations at the site (up to 0.1 m), the shallowest measurements were taken at a depth of 0.2 m, and this was selected as the starting depth. As a result of relatively high water table elevations during the dry season of 2012, installing sensors deeper than 0.8 m from the soil surface (below the water table at that time) was not possible due to slumping of the fine sand. Lateral variability of the soil-water content within the plot is considered to be relatively limited based on observations of the particle size distribution for soil samples taken at 4 depths from 2 different pits approximately 50 m apart.
Soil samples showed the soil profile to be characterised by a fine sand that was uniform across all depths. Bulk density was measured every 20 cm at depth from the surface, and very little variation with depth was observed (q bulk = 1.5 ± 0.03 g/cm 3 ). Sitespecific calibration of the TDRs was completed following Western et al. (2002) using a constant bulk density of 1.5 g/cm 3 also including correction from temperature effects. We encountered technical issues leading to gaps in the SWC observations towards the end of 2012 It was decided not to use interpolation methods for these gaps because of the occurrence of small rainfall events during that time that might have increased SWC, thus these short periods were not considered in further analysis.
Water table depth (relative to ground surface) was measured at 15-min intervals in a 2.5 m deep well located at the centre of the site using a vented pressure transducer (Level Troll 500, In-Situ Inc., USA)for the durations of the study period. Manual water level measurements were conducted on a regular basis using a dip meter, and validated the pressure transducer measurements with an accuracy of 0.5 cm.
Modified Jarvis-Stewart model
The MJS model was calibrated by fitting seven parameters to our observations of transpiration derived from sap flux density measurements, and was used to make predictions of transpiration (T MJS , mm h À1 ) at this site. Similarly to previous studies (Whitley et al., 2013) , we assumed that the canopy was well coupled to the atmosphere. The expression for modelled transpiration is given by (Eq. (3)):
where T MJS max is the maximum transpiration (mm h
À1
) that is proportionally modified by three functional relationships, f 1. . .3 . These functional relationships represent the independent responses of transpiration to net radiation f 1 (R n ) (Eq. (4)), vapour pressure deficit f 2 (VPD) (Eq. (5)), and soil moisture or soil-water content f 3 (SWC) (Eq. (6)). The expression for f 1 (R n ) relationship is given by (Eq. (4)):
where R n is net radiation (W m
À2
) and k r was a fitted parameter. The expression for the f 2 (VPD) relationship is given by (Eq. (5)):
where VPD is the vapour pressure deficit (kPa), VPD max (kPa) was the maximum recorded hourly VPD, and k d1 (-) and k d2 (-) were fitted parameters.
Modifications have been made to the f 3 (SWC) published in Whitley et al. (2013) . A sigmoidal function has been implemented to achieve better model convergence. The expression for the f 3 (SWC) relationship is given by (Eq. (6)):
where SWC is the measured volumetric soil-water content (cm 3 cm À3 ), SWC w was the site-specific soil-water content wilting point parameter, and k s (-) was a parameter describing the rate of change in transpiration as soil-water content declines. This new function is functionally equivalent to previous piece-wise linear expressions, but avoids autocorrelation between T MJS max and the SWC critical point. Both SWC w and k s were fitted parameters.
Model evaluation
The model was fitted to an ensemble of hourly data (Table 2, Nb. Days = 60, N = 720 data-points) consisting of observed transpiration and local meteorology that were representative of both wet and dry seasons at the study site (excluding night-time values). The calibration dataset consisted of 20 days from the wet period (February to March 2012), 20 days from a transition period (August to September 2012) and 20 days from the dry season (December 2012 to January 2013). Validation was then performed on the complete set of hourly data, excluding the 60-day dataset used for calibration (Table 3 , Nb. Days varying from Nb. Days = 264 for SC20 to Nb. Days = 194 for SC80, i.e. N = 3165 data-points for SC20 and N = 2323 data-points for SC80). This partition between calibration and validation was a trade-off between enough calibration/training data and sufficient validation and testing data. The statistical software package R (http://www.r-project.ord/) was used to calibrate and validate the model. The model optimization to the dataset was conducted using the GENetic Optimization Using Derivatives algorithm (Mebane and Sekhon, 2011) by minimising the weighted sum of the square of the errors (WSSE) (Eq. (7)).
where Obs i was the observed stand transpiration, Mod i was the predicted stand transpiration determined from the input variables and model parameters, N was the number of observations and r was the error on measurements (here the standard deviation from the average of the 12 measurement points was used as an approximation of r).
To evaluate the model performance, the root mean square error (RMSE) and coefficient of determination (R 2 ) were selected. RMSE was selected to measure how much the model prediction deviates from the observed data and R 2 was used to explore linearity between the observations and the outputs of the model.
Modelling scenarios
A total of five modelling scenarios were implemented in this study to investigate the influence that SWC at depth has on the transpiration values generated by the MJS model. The labels SC20, SC40, SC60 and SC80 represent scenarios where individual SWC measurements occurred at depths of 0.2, 0.4, 0.6 and 0.8 m from the soil surface and were used as the input for volumetric soil-water content in the MJS model. The SC-Int. label represents the integrated SWC over a depth range of 0.2 m to 0.8 m using the same weighting per depth interval in the averaging of SWC.
Results
Abiotic drivers, soil-water content and water table
Observed transpiration T STAND from January 2012 to January 2013 captured a distinct wet and dry season (Fig. 2) . The annual rainfall for 2012 was 1902 mm and the annual observed transpiration 984 mm. During this study, the highest rainfall observed was 238 mm day ) near the surface. Soil-water content varied from saturated conditions across the vertical profile (high water table) to very dry when the water table was at its lowest (i.e. 1.4 m below ground surface). During the dry stage, SWC was less than 0.02 cm 3 cm À3 at depths of 0.2-0.4 m and declining from 0.2 to 0.1 cm 3 cm À3 at a 0.8 m depth (Fig. 2e) .
The average maximum hourly R n ranged from 1000 W m À2 in the summer to 700 W m À2 in winter. The average maximum recorded VPD in an hour ranged from 4.8 kPa in summer to 2.3 kPa in winter. LAI measurements showed little variation over the seasons, with a value of 2.1 ± 0.6 in the summer (February 2012) reducing to 1.8 ± 0.3 in the winter (July 2012) and increasing slightly to 1.9 ± 0.4 in spring (November 2012). Fig. 4 shows the relationship between T STAND and PET ratio which represents the transpiration efficiency versus the water table depth. Higher values of the ratio represent an unlimited access to soil-water, whereas lower values correspond to a limited or non-existent access to the soil-water. A linear regression is also shown for the values of the ratio below a threshold depth of 0.8 m. The 0.8 m depth was chosen based on the observed shift and decrease in the T STAND and PET ratio below that depth.
Model calibration and validation
A total of seven parameters were determined for each SWC at depth scenario (Table 2) . T MJS max is slightly under the maximum recorded T STAND at the site (i.e. 0.4 mm h À1 ), except for the SC80 scenario, where T MJS max is large compared to the other scenario values (i.e. 0.70 mm h À1 ). All fitted parameters representing R n and VPD are similar, which is expected, as by definition the atmospheric conditions are the same for all scenarios. On the other hand, the soil-water content parameters (SWC w and k s ) were spread over a much wider range. For example, k s , which represents the rate of change of transpiration as soil water declines, is a factor of 10 larger for SC20 as compared to the deeper SC60 and SC80. Similarly, the SWC w (i.e. the specific wilting point) is a factor of 10 larger for SC80 as compared to the surface SC20 and SC40. The relatively large standard errors on kd 1 , kd 2 and SWC w could suggest that the model is over-parameterized (i.e. more parameters than can be estimated from the data). Table 2 Estimated parameter values and associated standard error from the optimization of the modified Jarvis Stewart model. The optimization was completed on an ensemble data set of 3 Â 20 days with different environmental conditions. Parameters shown are maximum transpiration (T MJS max ), calibration fitted parameters for functional descriptions of net radiation (k r ), vapour pressure deficit (k d1 , k d2 and D max ) and soil moisture (k s and SWC w ). Table 3 Root mean square error (RMSE), coefficient of determination (R 2 ), slope (m) and intercept (c) of the linear regressions of T STAND versus T MJS (y = mx + c). Observed (T STAND ) and predicted (T MJS ) cumulative transpiration fluxes for the full period excluding night-time, cumulative bias, number of days and data points for the calibration and validation periods based on hourly observations and predictions. The functional boundaries for R n and VPD (Eqs. (4) and (5)) capture the variations found in the observations (Fig. 3) with exceptions during the wetter periods. Function boundaries for f 1 (R n ) and f 2 (VPD) are only shown for the SC20, as each scenario show similar trends.
In Fig. 5 , one can see that the soil-water content function boundaries capture the majority of data points, except for SC80 (Fig. 5d) . Data points for SC80 outside the function boundaries do not seem to be consistent with any particular season. The overall performance of the simulations for the fitted parameters, when applied to the validation period, showed RMSE ranging between 0.036 and 0.064 (Table 3 ) with a consistent linear relationships between observed and predicted values for all scenarios (Table 3) .
The model performance for the validation dataset using the calibrated parameters resulted in RMSE values ranging from 0.036 to 0.064 (Table 3 , Fig. 6 ) and indicates a strong linear relationship between observed and predicted values (slopes of the linear regressions ranging from 0.95 to 1.02). For SC60 and SC80 (Fig. 6 (c) and (d)), 92 and 91% of variance were explained respectively, which is in the same range found in other applications of the model (Whitley et al., , 2009 ).
Discussion
Forest transpiration and water table elevation
While the first part of the study period was characterised by saturated soil-water conditions with a high water table, the second part of the period (with drier conditions) included more dynamic conditions with variations in T STAND related to soil-water availability. The sharp reduction in T STAND during December 2012 and January 2013 suggests a shallow root zone with a distinct gradient in root density. Visual trench inspections made when installing soil sensors revealed a high density of roots in the upper 0.5 m of the soil profile gradually reducing to a few roots around 1 m depth from the surface. In Fig. 4 , the T STAND /PET ratio is relatively stable (between 0.30 and 0.45) when the water table is between À0.2 m and À0.8 m and only falls below 0.30 when the soil is saturated (water table elevation above À0.2 m, i.e. at, or above the ground surface which happens during autumn and winter of 2012). This indicates that the trees have unlimited access to the soil-water while the water table elevation is above À0.8 m, except when the water table reaches the surface such that there is flooding, in which case transpiration is limited. This is thought to occur because flooding causes oxygen deprivation in the tree root systems (Kreuzwieser et al., 2004) . When the water table drops below À0.8 m, the decrease in T STAND /PET ratio suggests that the actual transpiration did not reach its maximum based on the atmospheric conditions, likely due to limited access to soil-water. When the water table falls further, the T STAND /PET ratio follows a linear decrease (a linear regression for spring of 2012 and summer of 2013 is shown in Fig. 4 ) with increasing depth to water table and a ratio close to zero when the water table is at À1.4 m (summer of 2013). This linear decrease of T STAND /PET ratio with depth could mean that the root zone density/distribution decreases linearly with depth, or that the soil-water content above the water table increases linearly with height above the water table, or both. Trees can store water in the roots and in the stem through redistribution (Burgess et al., 1998) , which could provide water supply for persistent transpiration despite no access to the water table by the root system, thus creating inertia between water table drop and a reduction of transpiration. For this shallow aquifer environment, where the root density is concentrated close to the surface, the water table depth is thus controlling the available soil-water content (through a direct access of the roots to the water table or through the available soil-water above the water table) and thus transpiration. When soil moisture drops below a critical threshold, trees appear to reduce their stomatal conductance to prevent xylem cavitation as Oren et al. (1998) 
Representation of the soil-water content in MJS
Fitted soil parameters for each scenario (Table 2) show differences which are reflected in the mean bias error for the cumulative T STAND and T MJS (Table 3) . Differences occur during the dry season when the deeper scenarios (e.g. SC60 and SC80) cannot capture the increase in T STAND because of small rainfall events for which the short-time response would not be recorded at these depths (60 cm and 80 cm). For these small rainfall events (e.g. less than 10 mm), SC20 was found to best capture the increase in T STAND , while SC60, SC80 and SC-Int. were incapable of simulating T STAND accurately. This is somewhat expected for SC-Int. due to small changes the overall water content of the soil profile. This result suggests that the use of SWC input from deeper depth will result in an under prediction of transpiration during dry conditions when small rainfall events occur. An alternative to the integration of SWC to compute our SC-int. could consider greater weighting in the averaging of SWC for the soil zones with high root densities, but that would also increase the model complexity and sitespecificity, thus reducing model usability.
The current soil moisture function of the MJS indirectly incorporates plant stress, but this is solely dependent on the calibration dataset. This constraint is needs to be considered when using this model to predict transpiration on longer time scales (e.g. years). Forests could be affected by stress as a result of prolonged wet or dry conditions (e.g. embolism, dormancy) or health issues (e.g. disease or insect attack) and these aspects that will be not represented by this approach. If long-term dataset are available, alternative soil moisture functions that take this into account do exist (Yang et al., 2013) .
Night-time transpiration
Night-time transpiration represents a significant part of diurnal tree water use in forests (Burgess et al., 1998; Dawson et al., 2007; Zeppel et al., 2010) . The night-time transpiration is not included in the evaluation of the model, as the model eliminates transpiration during night-time hours when net radiation tends to zero. For this study, the observations suggest that night-time periods account for approximately 20% of the daily transpiration, which is significant and in the order of magnitude of other studies (Zeppel et al., 2010) . A key consideration here is whether the measured night-time flux is indeed a result of transpiration or a hydraulic re-saturation of the tree stem and branches. The use of multiple evenly distributed measurement points of water movement within a tree similar to the setups found in Zeppel et al. (2010) and Pfautsch et al. (2013) could give more information on the tree water use behaviour during night-time thus enabling a partitioning of re-saturation and nighttime transpiration. The MJS model could potentially benefit from the work by Wallace and McJannet (2010) , where a relationship between night-time water use and a combination of VPD and soilwater content was demonstrated. Overall, the MJS model performance for this study was comparable to previous studies, with daylight differences between simulated and observed transpiration for the study period ranging from 1.7% to 4.1% for cumulative annual transpiration. However, if night-time water use is included, the difference between simulated and observed transpiration increase was found to range from 12.4% to 18.3%.
Inter-annual variability
To achieve a robust set of fitted parameters for the MJS model, a data set representing both wet and dry season conditions was necessary. Calibrating the model to wet conditions will result in an overestimation during dry periods and calibration during dry conditions will results in underestimates during the wet periods as fitted T MJS max value will not be representative of the maximum transpiration under either scenario. The T MJS max parameter is critical, as it captures a site's optimal water-use given environmental changes such as LAI and plant growth. For daily and monthly time scales, the abiotic drivers and water availability will control transpiration in forests, but on seasonal, annual and longer time scales other factors such as forest growth and health will have to be taken into account. It is acknowledged that these factors are also likely to be partly a result of water availability over the long-term. LAI is not included in the current model, but it does control seasonal transpiration (Eamus et al., 2006) . LAI was measured at the site and was not found to vary significantly during the study period. LAI is consequently not expected to have a significant influence on model performance during this study period. However, for long-term applications such factors will have to be accounted for and the fitted parameters estimated in this study may no longer be applicable. In undisturbed forests, biomass may be stable over the long-term compared to plantation forests, unless affected by natural disaster (e.g. fire, cyclone). In plantation forest, a rotation cycle changes the forest hydraulic characteristics significantly over a rotation scheme. Long-term monitoring is required for plantation forests to capture changes in transpiration with stand age and density.
Conclusion
We investigated groundwater-vegetation interactions in a shallow water table environment where the water table ranged from fully saturated conditions (water table at surface) to water table levels 1.4 m below the ground surface during the study period. Observations of transpiration and water table elevation showed that trees are transpiring at rates consistent with unlimited water access conditions when the water table was above a certain threshold elevation. When the water table dropped below this threshold elevation, a linear relationship between decreasing water table depth and transpiration was observed. These observations suggest that even in forests with shallow water tables, transpiration can be water-limited, disproving an assumption that is often made while using potential evapotranspiration models.
Study results suggest a detailed characterisation of the soilwater content across the rooting depth is necessary during the dry season for the MJS model to adequately simulate the observed transpiration. During the wet season and for close to saturated conditions, the influence of the representation of soil-water content in the model was not significant for the transpiration predictions. However, during the dry season, a shallow soil-water content representation improved the transpiration observations when isolated rainfalls occurred. Study results also highlight the role of night-time transpiration and suggest that this aspect should be the focus for research to further develop this model. Finally, combining the MJS transpiration model with an evaporation model would make it more attractive for water managers and stakeholders in the perspective of improving groundwater recharge models.
